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INTRODUCTION
Rainfall-induced slope failures are common problems in residual soils that have a deep groundwater table in tropical and subtropical regions. Short duration and high intensity rainfalls will increase porewater pressure, resulting in a decrease in shear strength of soils and eventually affect slope stability.
Slope failures due to frequent and heavy rainfalls were commonly shallow slides as observed in Hong The application of unsaturated soil mechanics for solving seepage and slope stability problems involving residual soil slopes with horizontal drains has not been fully explored in previous studies.
Negative pore-water pressure, as a crucial part of the stability of residual soil slopes, needs to be maintained in slopes under varying climatic conditions and taken into account in the design. On the other hand, rainwater infiltrating the slope surface contributes to the rise in the groundwater table and to the increase in pore-water pressures. Therefore, it is important to install horizontal drains near the toe of the slope to lower the groundwater table (Rahardjo et al. 2003 ) and consequently, to lower the pore-water pressures. The main focus of this study is to evaluate the role of horizontal drains in increasing the stability of a residual soil slope during heavy rainfall events through measurements of the variations in matric suction in the slope and numerical analyses.
FIELD STUDY
The geology of Singapore can be classified into three main formations: (a) the sedimentary Jurong residual soils cover about one-third of the total land area of Singapore. They consist of grey to black interbedded mudstone and sandstone, or reddish sandstone and mudstone conglomerate. Sediments in the form of shale and conglomerates were found in these areas as well (PWD 1976) . As a result of tectonic movements, the formation has been severely folded and faulted in the past.
Site Description
The sedimentary Jurong Formation residual soil slope at Havelock Road has a slope height of 13.24 m and a slope angle of 24° (Fig. 1 ). There is a 1.1 m high of retaining wall at the toe of the slope. The slope surface is well grassed and there are some trees on the right and left hand sides of the observed slope. The investigated area was carefully chosen so that the instrumentation would not be affected by the presence of the trees. There is no previous history of slope failure in this area including during the period of monitoring. Nevertheless, significant high groundwater levels during heavy rainfall were detected through monitoring of piezometers installed at the site. Therefore, rectification work using horizontal drains was implemented to increase the factor of safety of the slope due to its proximity to a residential area.
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Five boreholes were drilled at the Havelock Road site. Four boreholes were drilled in the monitored area and used for the installation of inclinometers and Casagrande piezometers after sampling and SPTs. The fifth borehole was used to obtain undisturbed samples for laboratory testing.
The soil observed in the borehole investigation around mid-slope consisted of firm to hard yellowish brown, reddish brown and white sandy silt with some mica flakes and weathered rock fragments. The soil of the slope was classified as sandy silt, based on Unified Soil Classification System (USCS), with a unit weight of 17.5 kN/m 3 , an effective cohesion of 5 kN/m 2 , an effective friction angle of 26º
and an angle indicating the rate of increase in shear strength relative to the matric suction,  b angle, of 15°. The shear strength parameters were determined from multistage consolidated drained triaxial tests at a constant net confining pressure and different matric suctions (25, 50 and 100 kPa) for the sedimentary Jurong Formation residual soil (Fig. 2) . The shear strength envelope in Fig. 3 illustrates the decrease in ' from 26° before the air-entry value of the soil (i.e. 15 kPa) to 15° beyond the air-entry value, as the matric suction increases from 0 to 100 kPa. The geotechnical parameters of residual soil from the borehole located at mid-slope are given in Fig. 4 . The test results indicate that the water content, specific gravity, the liquid limit, and the plastic limit of the soil were 38-40%, 2.65, 61% and 38.8%, respectively.
Site Instrumentation and Data Collection
Manual monitoring of measuring devices in the slope were carried out from the end of May 2008 to April 2009 in order to study the response of the residual soil slope to rainfall. Layout of instrumentation at the Havelock Road site is presented in Fig. 5 . The measuring devices installed in the slope consist of jet-fill tensiometers, piezometers and inclinometers to provide pore-water pressure, groundwater level data and lateral deformation, respectively. Nine tensiometers and three piezometers were installed in three rows as illustrated in Fig. 5 . Lateral deformations of the slope were found to be insignificant, i.e. less than 10 mm, due to the stiffness of residual soils and; therefore, will not be discussed in this paper.
The nine tensiometers were installed in groups of three, placed at depths of 0.47, 1.04 and 1.98 m below ground level and located at the upper, middle and lower sections of the slope, respectively.
Tensiometers were installed in the slope to provide direct measurements of matric suction or the negative pore-water pressure in the soil, particularly during and immediately following rainfall events.
Casagrande piezometers were installed for the continuous monitoring of the groundwater table elevation. The piezometers were installed within the area of the horizontal drains. The installation depths of piezometers at the upper, middle and lower sections of the slopes were 14, 10 and 10 m depth, respectively, with reference to the ground surface level. The piezometer tubes were protected by a lockable PVC pipe, 300 mm in diameter and 500 mm in height, with a cap to prevent vandalism.
The Casagrande piezometers were intensively monitored using an electric dip meter to measure the variation in groundwater levels and to check the drain response. In general, measurements were conducted two to three times per week during dry and wet periods. At the same time, pore-water pressure readings were also taken from the tensiometers to monitor their response to the heavy rainfall events. However, there was no monitoring of the surface runoff from the slope.
Rainfall data was collected from a rainfall gauge installed at the Jalan Kukoh site, around 2 km from Havelock Road site. An on-line monitoring system was established at Jalan Kukoh to record data in real time. The rain gauge was connected to a data logger so that rainfall data in real time could be retrieved from a secured website and used in the seepage analyses.
Horizontal Drainage Design
One row of horizontal drains, 12-18m in length and with a 5º inclination were installed near the toe of the slope to lower the groundwater level. Thirty-three PVC pipes, 100 mm in diameter and containing horizontal drains were immediately performed after their installation to ensure that the horizontal drains worked as designed. It was observed that some of the drains were discharging water and the flow increased due to rainfall. The flow rate of the water monitored two weeks after the drain installation was about 1.1 -1.7×10 -7 m/s. A regular schedule of maintenance by hydroblasting was recommended to prevent clogging along the horizontal drains, as clogging can affect the drainage performance. Hydroblasting involves the removal of sediment by using a low-pressure, high-volume water jet, since high-pressure water jets will damage pipes and add water into the ground.
Figs. 6 to 8 present the dynamics of the changes in pore-water pressure in response to the heavy rainfall that fell over the eleven months monitored by tensiometers at different depths. Near the crest and middle of the slope, highly negative pore-water pressures reached up to -80 kPa due to evaporation near the ground surface during the dry period, as seen in Fig. 6 . During rainfall, the porewater pressures rose instantly at the shallow depths. Measurements from the days when immediate increase in pore-water pressure occurred indicate that the tensiometers responded well to the heavy rainfall events. Generally, at the depth of 0.47 m below ground level, the measured pore-water pressures in the slope approached zero due to rainfall. surface were the first to be affected by heavy rainfall, followed by those at greater depths. Extended rainfalls caused a significant change in negative pore-water pressure towards positive pore-water pressure as observed for each depth of tensiometer.
Near the toe of the slope, Fig. 11 shows that apparent saturation occurred at depths of 0.47 and 1.04 m due to rainwater infiltration, indicating the presence of water flow in the horizontal drain system which was slightly below the 0.47-m depth tensiometer. Tensiometer at 1.98-m depth remained unsaturated since its position was above the groundwater level.
NUMERICAL STUDIES
The SEEP/W finite element code (Geoslope International Pte Ltd 2004) was used to simulate the unsaturated groundwater flow and to determine the pore-water pressure variation with time.
Meanwhile, the slope stability analysis was conducted using SLOPE/W (Geoslope International Pte Ltd, 2004b).
Slope Modelling
A homogeneous slope, rising at 24° to a height of 13.24 m was used as the model for the numerical analyses. The analyses were performed as two-dimensional plane strain problems with 4-noded quadrilateral elements. The slope configuration, horizontal drain location, finite element mesh configuration and boundary conditions are shown in Fig. 12 .
The boundary of the slope model was set at three times the height of the slope. The data from each step were saved over the transient seepage analyses. In order to avoid excessive accumulation of rainwater on the slope surface, the non-ponding condition was selected. On the ground surface, surface runoff would occur because the increment of pore-water pressures was prevented and the maximum computed pore-water pressure was limited to zero.
Nodal flux, Q, equal to zero, was applied along the sides of the slope above the groundwater table and along the bottom of the slope geometry to simulate no-flow zone. The boundary along the sides of the slope geometry below the groundwater table was assigned with the corresponding total head, h w , of each side. The desired rainfall intensity and its duration were applied to the surface of the slope as flux boundary, q. Thin layer finite elements with a high permeability of 2×10 the numerical analysis because this rainfall resulted in a high increase in pore-water pressure during the wet season. The resulting pore-water pressure distribution was calculated using SEEP/W and then used to compute the factor of safety of the slope at various time steps in SLOPE/W using the Bishop's simplified method of slices.
Soil Properties of Investigated Slope
Figs. 14 and 15 show soil-water characteristic curve (SWCC) and the permeability function for the sedimentary Jurong Formation residual soil at Havelock Road. The drying SWCC data for the soil on
Havelock Road was best-fitted by the Fredlund and Xing equation (1994) from:
where θ w is volumetric water content, θ s is saturated volumetric water content, C(ψ) is correction factor, (u a -u w ) is matric suction (kPa), e is natural number (2.71828…). Leong and Rahardjo (1997) suggested C(ψ) = 1. Fitting parameter a = 44.2508, n = 2.37 and m = 2.1 were related to the air-entry value (AEV) of the soil (kPa), the slope of the SWCC and the residual water content, respectively.
The wetting SWCC was used in the numerical analyses since the curve represents increasing water content due to rainfall or adsorption process. The wetting SWCC of the soil was estimated using the simplified model of Feng and Fredlund (1999) . The model assumes that the boundary wetting curve and the boundary drying curve were parallel when soil suction was plotted on a logarithmic scale. As -7 m/s. The saturated permeability was determined by using the rising head field permeability test method (Hvorslev 1951 ). The wetting SWCC and the saturated coefficient of permeability tests were incorporated into a statistical model to indirectly predict the permeability function.
Seepage Analysis Results
The pore-water pressure and the total head contours were generated using Surfer (Golden Software, The numerical analyses results did not quite agree with the data measured near the toe of the slope (Fig. 26 ). In the numerical analyses, the initial pore-water pressure profile near the toe of the slope did not match the field data that had a negative pore-water pressure about -15 kPa at a depth of 1.98 m from the ground surface. In the field, the groundwater table was initially lower than the horizontal drain position at a distance of 0.4L (L = horizontal drain length) from the toe of the slope, while the groundwater table beyond that point was higher than the position of the horizontal drain. In the numerical analyses, the initial profile of pore-water pressure was obtained by applying a small uniform infiltration rate to the slope model for a long duration prior to applying the actual rainfall. As a result of establishing the initial conditions for the numerical analyses, the groundwater table dropped to the drain level in the upper part of the slope, but rose near the toe of the slope. However, it appears that in the numerical analyses the pore-water pressures near the toe of the slope built up faster than the actual pore-water pressures in the field which remained negative, causing the discrepancies. Figure 13 shows the flow rate of horizontal drains from the numerical analyses results normalized by the spacing of the horizontal drains. It can be seen that the flow rate of horizontal drains reached maximum rate at 4.2×10 -7 m/s and was ranged between 1.6-4.2×10 -7 m/s during rainfall event.
Slope Stability Analysis using SLOPE/W
In the analyses, the sandy silt layers were modeled with and without horizontal drains having a unit Before heavy rainfall started, the factor of safety of the Jurong Formation residual soil slope without horizontal drains was computed to be 1.27. The factor of safety decreased gradually during rainfall until it reached 1.25 after 21 days of heavy rainfall. The factor of safety subsequently decreased until a minimum value of 1.19 was computed at an elapsed time of 125 days. It is interesting to note that the initial factor of safety 1.27 was considered close to the recommended minimum factor of safety for the slope with a ten-year return period rainfall, i.e. 1.2 (GEO 2007). In addition, the minimum factor of safety did not occur at the end of rainfall, but at a much later time, indicating a possibility of delayed slope failure when factor of safety was equal to 1.
On the other hand, the same Jurong Formation residual soil slope with horizontal drains had a higher initial factor of safety 1.35 and decreased gradually until it reached 1.32 after 21 days of rainfall. The factor of safety continued to decrease to a minimum value of 1.30 at 83 days after the rainfall stopped. Water percolated downward slowly through the Jurong Formation residual soil layer due to its low permeability and as a result, the occurrence of the minimum factor of safety was delayed to sometime later after the rainfall ceased. Some cases of delayed slope failures that took place sometime after rainfall had ended could be explained by the characteristics of factor of safety variation of the Jurong Formation residual soil slope. At all times, the factor of safety of the slope with horizontal drains was higher than the factor of safety of the slope without horizontal drains, indicating that horizontal drains improved the stability of slope, especially during heavy rainfall events.
CONCLUSIONS
A good agreement has been found between the numerical analyses and the field data for the porewater pressure in the sedimentary Jurong Formation residual soil slope which indicates that appropriate modeling parameters have been selected to show the effectiveness of horizontal drains in slope stabilization. One row of horizontal drains installed near the toe of the slope has been found to be effective in lowering the groundwater table significantly from 0.2 to 6.3 m across the slope. The long-term effectiveness of a drainage system can be verified by extensive monitoring of the reduction in the groundwater level and in the drain discharge with time, especially during heavy rainfall events.
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